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Abstract Objective To understand the mechanism of noise exposure induced outer hair cells（OHCs）death path⁃
ways. Methods Thirty two guinea pigs were used in this study. The animals were either exposed for 4 h/day to broad⁃
band noise at 122 dB SPL（A-weighted）for 2 consecutive days or perfused with MNNG. After auditory test, the co⁃
chleae of animals were dissected. Propidium iodide（PI）, a DNA intercalating fluorescent probe, was used to trace
morphological changes in OHC nuclei. F-actin staining was used to determine missing OHCs. Caspase-3 was detect⁃
ed in living organ of Corti whole mounts using the fluorescent probe. The single strand DNA（ssDNA）in apoptotic
OHCs in guinea pigs and apoptosis inducing factor（AIF）in hair cells in guinea pigs were examined by immunohistol⁃
ogy method. Whole mounts of organ of Corti were prepared. Morphological and fluorescent changes were examined un⁃
der a confocal microscope. Results (1) Both apoptotic and necrotic hair cells appeared following noise exposure. (2)
Noise exposure induced single strand DNA in apoptotic OHCs but not in the normal OHCs. (3) Either after noise ex⁃
posure or after MNNG perfusion, apoptotic OHCs were featured by nuclear condensation or fragmentation with cas⁃
pase-3 activation, whereas necrotic OHCs were characterized by nuclear swelling without caspase-3 activation. (4) In
normal organ of Corti, AIF was located in the mitochondria areas. After noise exposure, AIF was translocated from mi⁃
tochondria in apoptotic and necrotic OHCs. Conclusion These findings indicate that noise exposure damages DNA
in the OHC, which triggers action of Caspase-3. Subsequently, AIF is translocated to the nucleus, leading to DNA
damage and OHCs death.
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Introduction
Sensory hair cells are mechanotransducers of the in⁃
ner ear that are essential for hearing and balance. Noise
damage induced cochlear hair cell death can lead to
temporary or permanent sensorineural hearing loss.
Apoptosis and necrosis commonly occur following noise
exposure. In the last decade, much of the attention in
the study of apoptosis has been focused on caspases, a
family of cysteine proteases specifically activated in
apoptotic cells［1］. However, cell death can occur even
when the caspase cascade is blocked［2］. This fact has re⁃
vealed the existence of alternative caspase-independent
pathway(s)［３, 4］.
Mitochondria plays an important role in cochlear hair
cell death. The induction of mitochondrial membrane
permeabilization is a critical event in apoptosis. Most
pathways upstream of mitochondrial membrane permea⁃
bilization are caspase-independent, and both cas⁃
pase-dependent and caspase-independent paths be⁃
come possible after mitochondrial damage［5］. This study
is designed to understand hair cell death pathways in
guinea pig cochlea following noise damage.
Materials and Methods
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Animal preparation and noise exposure
Thirty two guinea pigs（albinos of both sexes, 250 ~
300 g）were used in this study. All animals had a posi⁃
tive Preyer's reflex. The animals were divided into con⁃
trol（n=10）, MNNG cochleae perfusion（n=10） and
noise exposure groups（n=12）. Animals in the control
and MNNG cochleae perfusion groups were held in a
quiet room with food and water. Animals in the noise ex⁃
posure group were placed in wire mesh cages and ex⁃
posed for 4 h／day to broadband noise at 122 dB SPL
（A-weighted）for 2 consecutive days. For each noise ex⁃
posure experiment, a single animal was placed in the
sound exposure booth. During noise exposure the ani⁃
mals had free access to food and water.
Auditory testing
For the ABR test, each animal was anaesthetized with
xylazine（10 mg／kg, im）and ketamine（40 mg／kg,
im）and placed on a heating pad in a sound isolated
chamber. The external ear canal and tympanic mem⁃
brane was inspected using an operating microscope to
ensure that the ear canal was free of wax and deformity,
and that there was no inflammation of the tympanic
membrane or effusion in the middle ear. Needle elec⁃
trodes were placed near the test ear, at the vertex, and at
the contralateral ear. Each ear was stimulated separately
with a closed tube sound delivery system sealed into the
ear canal. The ABR to 1 ms rise-time tone burst stimuli
at 4, 8, 12, 16, 20 and 32 kHz were recorded and thresh⁃
olds obtained for each ear. Threshold was defined as an
evoked response of ~0.2 μV from the electrodes. This
method was used to assess the pre-exposure and after
noise exposure thresholds.
MNNG cochleae perfusion
For cochleae perfusion，the animals were anesthetized
with a mixture of ketamine（15 mg／kg）and xylazine（5
mg／kg）. Both cochleae were surgically exposed using
a conventional ventral approach. Two small openings
were drilled in the bony shell over the scala vestibuli
and the scala tympani in the basal turn of the cochlea.
The cochleae were perfused with 0.5 mg／ml N-meth⁃
yl-N’-nitro-N-nitrosoguanidine（MNNG）, a mutagen
that can induce cell death, freshly prepared with the
perilymph solutions for 30 minutes. The cochleae were
then perfused with the perilymph solutions to rinse
MNNG. Thereafter, the animal was sacrificed and the co⁃
chleae was quickly removed and fixed with 4% buffered
paraformaldehyde overnight. The cochleae were then
dissected in 0.02 M phosphate buffered saline（PBS）.
Detection of active caspase-3
Caspase-3 was detected in living organ of Corti whole
mounts using the fluorescenttheprobe,
FAM-DEVD-FMK （Immunochemistry technologies
LLC, MN）. The methodology is based on carboxyfluores⁃
cein-labeled fluoromethyl ketone（FMK）-peptide inhib⁃
itor of caspase. The inhibitor is cell permeable and non⁃
cytotoxic. Once inside the cell, the inhibitor irreversibly
binds to active caspase and fluoresce. The cochleae
were perfused with approximately 30 μl of freshly pre⁃
pared solutions containing the caspase-3 inhibitor（cas⁃
pase-3 was diluted according to the manufacturer’s in⁃
struction） and incubated for 1 h. The cochleae were
then perfused with manufacturer-provided buffer, fol⁃
lowed by manufacturer-provided fixative. The animals
were sacrificed and the cochlea harvested. The cochleae
were then dissected in 0.02 M phosphate buffered saline
（PBS）and the organs of Corti whole mounts prepared
for examination.
Immunostaining of ssDNA and AIF
The single strand DNA（ssDNA）and apoptosis induc⁃
ing factor（AIF）in OHCs of guinea pig were examined
by immunohistology method. Guinea pigs were sacri⁃
ficed immediately after noise exposure and the cochleae
were quickly removed from the skull and fixed with 4%
buffered paraformaldehyde for overnight. The cochleae
were then dissected in 0.02 M PBS and the organs of
Corti were collected. Afterwards, the tissues were rinsed
in 0.02 M PBS for 30 minutes and permeabilized with
0.5% Triton X-100 in PBS for 1 hour. After a second
rinse in PBS, the tissue was blocked in 19% goat serum
in 1% bovine albumin in 0.02 M PBS for 30 minutes at
room temperature. Then, the tissue was incubated with
primary antibody（rabbit anti-AIF polyclonal antibody
or rabit anti-ssDNA polyclonal antibody, Chemicon in⁃
ternational, Temecula, CA, USA）at a concentration of
10 μg/ml at -4℃ for 20 hours. After rinsing again, the
organs of Corti were incubated with second antibody（Al⁃
exa fluor 488 anti-rabbit IgG diluted 1: 100 with 1%
BSA-PBS, Molecular probes, Inc. Eugene, OR,USA）
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for 1 hour followed by washing in PBS.
Nuclear staining with propidium iodide
To confirm whether a particular process is associated
with an apoptotic or necrotic pathway requires that
multiple techniques be applied in tandem.
Consequently, the morphological changes associated
with nuclei can be coordinated with cytoplasmic
changes in either caspase-3 activity, ssDNA break or
translocation of AIF. Specimens were labeled for either
active caspase-3, ssDNA or AIF reagents, and double
stained with propidium iodide（PI）, a DNA intercalating
fluorescent probe used for visualization of nuclei.
Cochleas were incubated for 10 min in a 5 μg/ml of PI
（Molecular Probe, Inc., Eugene, OR, USA）in 0.02 M
PBS, rinsed in PBS, and mounted on slides containing
vectashield-mounting medium（Vector laboratories Inc,
Burlingame, CA）.
Fluorescence and confocal microscopy
Representative changes in the organ of Corti were
imaged by laser confocal microscopy（Bio-Rad, MRC
1024ES）. Cochleae were double labeled with red
fluo-rescence （PI-labeled nuclei） and green
fluorescence （carboxyfluorescein-labeled caspase
inhibitor or Alexa Fluor 488 anti-rabbit antibody）and
the cochlear section of interest was scanned. A series of
appro- ximately 40-60 laser confocal images were
taken for each section of the organ of Corti beginning at
the top of the OHC stereocilia and stepping
progressively through the OHCs body to the bottom of
the OHCs at depth intervals of 1.0 μm.
Results
Noise exposure induced hair cell death
Surface preparations of the organ of Corti in the basal
turn staining for nuclei with propidium iodide showed
well-defined nuclear shape in hair cells and rhodamine
phalloidin staining for actin showed well-defined
outline of hair cells. However, OHC death occurred
following noise exposure. A number of apoptotic cells
with nuclear condensation and some necrotic cells with
necular swelling were visible following noise exposure.
After noise exposure, rhodamine phalloidin staining
showed a number of outer hair cells missing（Figure 1）.
The damage was mainly confined to the first and second
turns.
Noise exposure induced ssDNA production in apoptotic
OHCs
Cochleae exposed to broadband noise demonstrated
production of the single strand DNA in apoptotic OHCs
in guinea pigs. Immuno-reaction for ssDNA was seen in
fragmented nuclei, characteristic of apoptosis in the
outer hair cell. No ssDNA-positive staining was found
in outer hair cells in the control animals（Figure 2）.
Noise exposure and MNNG perfusion induced caspase
activation in apoptotic OHCs
Noise exposure and MNNG perfusion induced OHCs
death revealed two distinct morphological alterations,
Figure.1 Hair cell death in cochlea following noise damage.
A. Surface preparations of the organ of Corti in the basal turn
stained for nuclei with propidium iodide showing the well-de⁃
fined nuclei in hair cells. B. PI staining showing a number of
cells with nuclear condensation and swelling after noise expo⁃
suree C. Rhodamine phalloidin staining for actin in a control
guinea pig showing the well-defined outline of outer hair
cells. D. After noise exposure, rhodamine phalloidin staining
showing a number of outer hair cells missing.
Figure.2 Immunoreation for ssDNA in outer hair cells. Sur⁃
face preparation of the organ of Corti are stained for ssDNA
（green）and nuclei（PI, red）. A, B and C. Normal morphology
with no ssDNA staining in outer hair cells in control animals.
D, E and F, PI staining in a cell with nuclear condensation（ar⁃
row）and with positive immunoreation for ssDNA（green）af⁃
ter two days noise exposure.
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Figure.3 Activation of caspase-3 in the organ of Corti. Surface preprations of the organ of Corti stained for activation of cas⁃
pase-3（green）and nuclei（PI, red）. A, B and C. Noise-exposure induced apoptosis in some OHCs. Apoptotic OHCs show con⁃
densed nuclei with active caspase-3 labeling（green）in and around nucleus. No active caspase-3 staining is found in normal out⁃
er hair cells. D, E and F. MNNG perfusion caused apoptosis of many OHCs. The apoptotic OHCs show condensed nuclei, while
the necrotic OHCs are swollen, both showing labeling of active caspase-3（green）in and around nucleus. The apoptotic OHCs
show condensed nuclei with labeling of active caspase-3 (green) in and around nucleus. And the necrotic OHCs show swollen nu⁃
clei with no labeling of active caspase-3 labeling.
Figure.4 Noise exposure induced AIF translocation from mitochondria. Optical section images of surface preprations of the or⁃
gan of Corti are stained for mitochondria（red）with MitoTracker and for AIF（green）with immunostaining. A, B and C are
from a control animal and D, E and F from an animal with noise exposure. An oval AIF labeled ring (A) is seen along the cell
membrane outside the nuclear region where mitochondria (B) mainly located in normal OHCs. The merged image (C) of A and
B shows mitochondrial distribution consistent with AIF fluorescence. An outer hair cell death（arrow）is seen after noise expo⁃
sure, characterized by AIF translocation (D) from mitochondria (E). The merged image (F) of D and E shows mitochondrial
translocation consistent with AIF fluorescence change.
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nuclear condensation or nuclear swelling. Nuclear
condensation is associated with apoptosis, whereas
nuclear swelling is characteristic of necrosis.
Examination of PI labeled nuclei showed no active
caspase-3 labeling in normal OHCs in guinea pig
cochleae without noise exposure. Active caspase-3 was
observed in the cytosol of apoptotic HCs in guinea pig
cochleae following noise exposure and MNNG perfusion
（Figure 3）. Figure 3 C and F illustrate the correlation
between active caspase-3 in the cytosol in OHCs
marked by an apoptotic nuclear morphology. Activation
of caspase-3 typically takes place only in OHCs
associated with condensed nuclei. In contrast, OHCs
with a swollen nucleus and viable OHCs do not exhibit
fluorescence indicative of active caspase. Therefore
caspase-3 activation has a specific correlation with
apoptotic OHCs.
Noise exposure induced AIF translocation in OHCs
Co-labeling of AIF and MitoTracker Red MH2xRos
for mitochondria in the Optical section images of
surface preprations of the organ of Corti showed an oval
fluorescent ring along the cell membrane, where
mitochondria were mainly located in the normal OHCs
without noise stimulation. The mitochondrial
distribution is consistent with AIF fluorescence in the
control animals. Immediately after noise exposure, an
OHC was characterized by AIF translocation, and the
translocated AIF is located in the damaged OHC but not
in the neighboring OHC nuclei（Figure 4）.
Discussion
Noise-induced inner ear damage is a significant
source of hearing loss for people in industrial societies.
We have known for years that noise causes a broad set
of physical changes in the major cellular systems in the
cochlea, changes that lead to temporary threshold shift
and permanent threshold shift. The pathological
changes that result from exposure to high-level noise
include the braking of stereocilia, swelling and
rupturing of the dendritic terminals of the auditory
nerve afferent fibers, acute swelling of the stria
vascularis, and direct mechanical damage ［6］. But the
most important pathological change is hair cell damage.
Hair cell damage in the organ of Corti, induced by
noiseexposure, results in diverse morphologic changes.
This diversity suggests involvement of different
pathological mechanisms in the progression of cell
death. Our studies indicate that both apoptosis and
necrosis are implicated in the cochlea lesion after
exposure to intense noise.
Apoptosis is a regulated, energy-dependent form of
cell death where cells acquire a characteristic morph-
ological appearance: nuclear shrinkage and chromatin
condensation. It is a physiologically normal event
during development. The correct cell density is
achieved and maintained by tightly controlled levels of
generation and degeneration of cells. Whereas necrosis
is a passive consequence of gross injury to cells and
marked by nuclear swelling. Previous studies have
indicated that both apoptosis and necrosis are
implicated in the cochlear lesion after exposure to
intense noise［7］.
In our study, the significant findings are as follows:
(1) Either after noise exposure or after MNNG perfusion,
in apoptotic OHCs featured by nuclear condensation or
fragmentation, caspase-3 was activated, whereas in
necrotic OHCs characterized by nuclear swelling,
caspase-3 was not activated. (2) Single strand DNA was
seen in apoptotic OHCs following noise exposure. (3) In
the normal organ of Corti, AIF is distributed where the
mitochondria are located. After noise exposure, AIF
translocation from mitochondria was seen in apoptotic
and necrotic OHCs.
Caspases constitute a family of proteases that normal⁃
ly exist as inactive enzymes. These are cysteine-depen⁃
dent, aspartate-specific proteases that function to medi⁃
ate apoptotic destruction of the cell. A total of 14 cas⁃
pase family members have been identified in mammals
［8, 9］. One main downstream caspase is caspase-3,
which carries out the apoptotic program by cleaving pro⁃
teins necessary for cell survival, including Bcl-2, inhibi⁃
tors of deoxyribonucleases, and cytoskeletal proteins［10］.
Caspase-3 activation was detected in apoptotic hair
cells following noise exposure and MNNG perfusion in
this study.
After noise exposure, single strand DNA in apoptotic
OHCs was observed. In our opinion, following noise
damage, the inefficiency of oxidative energy metab-
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olism in mitochondria can result in an enhanced produc⁃
tion of superoxide, which can overwhelm natural antioxi⁃
dant mechanisms in cells. This is permissive to the
chemical reaction of superoxide and nitric oxide generat⁃
ing highly toxic peroxynitrite and hydroxyl radicals.
Thus cellular nitric oxide production can cause nitrosa⁃
tive stress which ultimately results in nitration of pro⁃
teins, lipid peroxidation and DNA strand breaks.
The mitochondria plays an important role in apopto⁃
sis. Apoptosis-inducing factor（AIF）are safely seques⁃
tered within the mitochondrial inter membrane space in
non-apoptotic cells. Upon apoptotic challenge, however,
a rapid release of these factors through the outer mito⁃
chondrial membrane into the cytoplasm initiates the
apoptotic process. AIF is caspase-independent and
translocates into the nucleus, where it induces peripher⁃
al chromatin condensation and high molecular weight
（50 kbp）DNA fragmentation［11, 12］. Our results suggest
that AIF is confined in mitochondria in healthy hair
cells. In contrast, when AIF is released from mitochon⁃
dria in apoptotic conditions, it triggers cell deaths.
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